INTRODUCTION {#SEC1}
============

Genomic integrity maintenance is a fundamental function to sustain life due to the fact that DNA alterations such as mutations, chromosomal rearrangements and deletions are causative factors of disease, tumorigenesis and cell death ([@B1]). Cells encounter a large number of DNA lesions on a daily basis, jeopardizing the integrity of the genome, with DNA double strand breaks (DSBs) being the most significant. The deleterious nature of DSBs is underscored by the fact that a single unrepaired DSB can cause cell death and misrepaired DSBs can result in chromosomal mutations such as translocations and large scale deletions ([@B2],[@B3]). To cope with DSBs, cells have evolved multiple repair pathways with the two most prominent being homologous recombination (HR) and non-homologous end-joining (NHEJ) ([@B1],[@B4]). HR directs DSB repair by utilizing a homologous stretch of DNA to guide repair of the broken DNA strand, whereas NHEJ mediates the direct re-ligation of the broken DNA molecule.

Since there are multiple DSB repair processes, a cell must properly choose which pathway to employ for each specific DSB. A number of factors are believed to influence the selection of these pathways including direct competition for the DSB ends, cell cycle stage, specific post-translation modifications and DNA end resection ([@B5]--[@B7]). HR requires a homologous template for accurate repair; therefore, HR primarily functions in S and G2 phases because a homologous DNA template via a sister chromatid is available for repair in these cell cycle phases. NHEJ is active in all cell cycle stages as it does not require a homologous template for direct repair. However, DSB repair pathway choice is not simply mediated by limiting the availability of specific repair factors to a specific cell cycle phase as both HR and NHEJ operate in S phase, where HR is the preferred DSB pathway ([@B8],[@B9]). Previous data suggested that direct competition likely does not tip the scale in favor of HR in S/G2 in mammalian cells as the canonical NHEJ factor, DNA-dependent protein kinase (DNA-PK), consisting of the Ku70/Ku80 heterodimer (Ku) and the DNA-PK catalytic subunit (DNA-PKcs), quickly localizes to DSBs in S phase and its initial recruitment kinetics are identical in all cell cycle phases ([@B10]--[@B12]). Furthermore, Ku has an extremely high affinity (binding constant of 2 × 10^9^ M^−1^) for DNA ends and is highly abundant (∼500,000 Ku molecules/cell) in human cells. Hence, it is unlikely that competition for DNA ends is responsible for DSB repair pathway choice in mammalian cells ([@B13]--[@B16]).

The initiation of the HR pathway is dependent on 5′ to 3′ resection of the DSB ends. It is believed that once DNA end resection has initiated, NHEJ can no longer repair the DSB, indicating an important role of end resection for DSB repair pathway choice ([@B17]--[@B19]). DNA end resection is a multi-step process mediated by a number of factors including the Mre11/Rad50/Nbs1 (MRN) complex, CtIP and Exonuclease 1 (Exo1). Cell cycle-regulated factors may directly control DNA end resection as it occurs faster in S phase than other cell cycle stages, and CtIP-dependent resection is upregulated by S phase-dependent protein kinases ([@B20]--[@B22]). Furthermore, BRCA1-CtIP and 53BP1-RIF1 circuits compete to influence the initiation of DNA end resection with BRCA1-CtIP promoting the removal of 53BP1-RIF1 from DSBs in S phase, allowing the initiation of DNA end resection and the onset of HR ([@B23],[@B24]). As DNA ends must be free for DNA end resection to occur and DNA-PK localizes to DSBs in S phase, for HR to initiate there must be a mechanism that mediates the dissociation of DNA-PK from DSBs specifically in S phase. In budding yeast, the Mre11/Rad50/Xrs2 (MRX) complex displaces yKu from DSB ends to drive pathway choice to HR ([@B25]). However, in contrast to the results obtained in yeast, our group previously showed that Ku inhibits both the Mre11/Rad50 complex and Exo1-mediated DNA end processing *in vitro* and that Mre11 does not displace Ku from DSBs *in vitro* or *in vivo* ([@B26]). A Ku ortholog from the *Mycobacterium tuberculosis* Ku (Mt-Ku) overexpressed in human cells resulted in the inhibition of DNA end resection, further suggesting that DNA ends must be free for initiation of HR ([@B11]).

These studies have led us to elucidate the mechanism mediating the displacement of Ku from DSBs to allow initiation of DNA end resection and HR. Here, we show that Ku70 is phosphorylated at the junction of the pillar and bridge regions of the molecule and that this post-translational modification is required for its dissociation from DSB ends. Blocking phosphorylation of the identified sites induced a significant decrease in DNA end resection and HR. Collectively, we have established that phosphorylation of Ku70 plays a role in DSB repair pathway choice as it mediates dissociation of the Ku heterodimer from DSBs to free the DNA ends, allowing the initiation of DNA end resection and HR in S phase.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture and reagents {#SEC2-1}
-------------------------

Ku70^−/−^ mouse embryo fibroblasts (MEFs), termed DC-1([@B27]), HCT116 Ku70^+/−^ (a kind gift from Dr Eric A. Hendrickson) and U2-OS cells were cultured in Hyclone MEM alpha modification (GE Life Sciences) medium supplemented with 1x Pen-strep and 10% FBS and FCS (1:1 mixture). Ku70^−/−^ MEFs complemented with human wild-type Ku70 and mutant Ku70 were maintained in Hyclone MEM media supplemented with 150 μg/ml hygromycin. For thymidine double block experiments, cells were maintained in DMEM medium (D6429, Sigma). All cells were grown as monolayers at 37°C in 5% CO~2~.

Irradiation of cells {#SEC2-2}
--------------------

Gamma radiation experiments were conducted at UT Southwestern Medical Center, Dallas using a ^137^Cs source irradiator.

Ku mutagenesis {#SEC2-3}
--------------

Mutant Ku70 was generated by PCR directed mutagenesis using complementary oligonucleotides; **8A**, 5′-GACCCGGACCTTTAATGCAGCTGCAGGCGGTTTGCTTC-3′, 5′-GGTTTGCTTCTGCCTGCCGATGCCAAGAGGTCTCAGA-3′, 5′-AATGAACCAGTGAAAGCCAAGGCCCGGGCCTTTAATGCAGCTGC-3′, **5A**, 5′-GACCCGGACCTTTAATGCAGCTGCAGGCGGTTTGCTTC-3′, 5′-GGTTTGCTTCTGCCTGCCGATGCCAAGAGGTCTCAGA-3′, **5D**, 5′-GACCCGGACCTTTAATGACGATGACGGCGGTTTGCTTC-3′, 5′-GGTTTGCTTCTGCCTGACGATGACAAGAGGTCTCAGA-3′ and subcloned into the pCDNA3 mammalian expression vector. The mutant Ku cDNAs were stably expressed in Ku70^−/−^ DC1 or DC1-DR5 cell lines. For recombinant protein purification, each mutant Ku70 cDNA was subcloned into the pFastBac™ vector and recombinant baculoviruses were generated via the Bac-to-Bac baculovirus expression system (Invitrogen).

Ku heterodimer purification {#SEC2-4}
---------------------------

Human DNA-PKcs and wild-type Ku70/80 proteins were purified as previously described ([@B28]). To purify Ku heterodimers with mutant Ku70, Sf9 cells were infected with Ku70 mutant and wild-type Ku80 baculoviruses and harvested 60 h post infection. The His~6~-tagged mutant Ku70 and His~6~-tagged wild-type Ku80 heterodimers were purified via Ni-NTA agarose (Qiagen), Superdex200 16/60 and Heparin agarose column chromatography (GE Life Sciences), as previously described ([@B26],[@B28]).

*In vitro* kinase assay {#SEC2-5}
-----------------------

*In vitro* DNA-PKcs kinase assays were performed as previously described ([@B10],[@B28]). Each kinase reaction contained 25 mM Tris--HCl, pH 7.9, 25 mM MgCl~2~, 1.5 mM DTT, 50 mM KCl, 10% glycerol, 10 nM fork 28 DNA, 0.16 μM \[γ-^32^P\] ATP (3000 Ci/mmol), 8 nM DNA-PKcs and 20 nM Ku70/80 in a 10 μl final reaction volume. The kinase reaction mixture was incubated at 30°C for 30 min and terminated by the addition of SDS-PAGE sample buffer. The phosphorylated proteins were resolved via 7% SDS-PAGE and detected by PhosphoImager analysis (GE Life Sciences).

Pull down assay {#SEC2-6}
---------------

Forked dsDNA was produced as a long single strand 5′-CGCGCCCAGCTTTCCCAGCTAATAAACTAAAAACTCCTAAGG-3′ and a short single strand 5′-CCTTAGGAGTTTTTAGTTTATTGGGCGCG-3′ (Invitrogen) as previously described ([@B26]). Purified DNA-PKcs, Ku and biotin-labeled forked 22-mer DNA were incubated in kinase reaction buffer at 30°C for 1 h in the presence or absence of ATP ([@B26]). After incubation, the *in vitro* reaction mixtures were incubated at 4°C for 4 h with streptavidin-agarose in binding buffer containing 50 mM Tris-HCl pH 8.0, 0.5% EDTA and 150 mM KCl ([@B24]). The streptavidin-agarose was spun down via centrifugation at 2500 rpm for 3 min. The supernatant, containing proteins that dissociated from the forked DNA, and the pellet, containing proteins still bound to the forked DNA, were resolved via 8% SDS-PAGE and transferred to a nitrocellulose membrane. Western blot analysis was performed using the antibodies indicated in the figures.

DNA end resection assay {#SEC2-7}
-----------------------

*In vitro* DNA end resection assays were performed in two steps. The first step included binding of Ku70/80 to the forked DNA followed by incubation with DNA-PKcs in the presence of ATP or ATPγS to direct or block *in vitro* phosphorylation of Ku, respectively. The phosphorylation reaction included 20 nM forked 28mer dsDNA, 30 nM DNA-PKcs, 22 nM Ku, 1 μM ATP or 1 μM ATPγS in a buffer containing 20 mM HEPES, pH 8.0, 50 mM KCl, 5 mM MgCl~2~ and 1 mM DTT. In the second step, the freeing of the DNA ends was assessed via exonuclease 1 (Exo1)-mediated DNA end resection. The Exo1 protein (10 nM) was added to the reaction mixture and incubated for 30 min to allow DNA end digestion. The assay was terminated by adding formamide dye (95% formamide, 0.05% bromophenol blue, 0.05% Xylene Cyanol FF, 18 mM EDTA and 0.025% SDS) to each sample. The samples were boiled at 95°C for 5 min and allowed to cool on ice for 5 min. The samples were separated by 16% Urea-PAGE, dried and analyzed via PhosphoImager.

Live cell imaging and laser micro-irradiation {#SEC2-8}
---------------------------------------------

Live cell imaging combined with laser micro-irradiation was carried out as previously described ([@B11],[@B29]). Fluorescence was monitored via an Axiovert 200 M microscope (Carl Zeiss, Inc.), with a Plan-Apochromat 63X/NA 1.40 oil immersion objective (Carl Zeiss, Inc.). A 365-nm pulsed nitrogen laser (Spectra-Physics) was directly coupled to the epifluorescence path of the microscope and used to generate DSBs in a defined area of the nucleus. For quantitative analyses, the same amount of DNA damage was generated under standardized micro-irradiation conditions (minimal laser output of 75% for 5 pulses) in each experiment. Time-lapse images were taken with an AxioCamHRm camera. The fluorescence intensities of micro-irradiated and non-irradiated areas within the cell nucleus were determined using the AxioVision Software, version 4.8 (Carl Zeiss, Inc.). Each data point is the average of 10 independent measurements.

Local damage induction and fluorescence recovery after photobleaching (FRAP) measurements {#SEC2-9}
-----------------------------------------------------------------------------------------

Cells (250,000--500,000) were seeded on 40 mm diameter glass cover slips (Menzel GmbH & Co KG, Braunschweig, Germany) 1 or 2 days before the experiment. Samples were mounted on a Focht Chamber System 2 (Bioptechs Inc., Butler, USA). A Leica (Leica Microsystems GmbH, Wetzlar, Germany) DM LA microscope with HCX APO UVI (337 nm irradiation) and PL Fluotar 100x ([@B30]) (NA 1.3 oil immersion lenses and CTR MIC control) unit was used. A 337 nm nitrogen laser (VSL-337ND-S; 20 Hz, 5 ns pulses) attenuated to around 6 μW at cell plane was used for local damage induction and DSB generation ([@B31],[@B32]). A 100 mW 473 nm diode laser type DPL 473-OEM (Rapp Opto Electronics, Hamburg, Germany) was coupled to the microscope by a modified Leica AS LMD module and dichroic mirror Q480 LP (Chroma Technology Corporation, Bellows Falls, USA) for photobleaching. Both lasers were controlled by the Leica Laser Microdissection System LMD version 4.4.0.0. Fluorescence was excited with the monochromator Polychrome V (TILL Photonics GmbH, Graefelfing, Germany). Image acquisition was conducted with a sCMOS camera type Zyla (Andor Technology, Belfast, Ireland) and the corresponding AndorIQ software.

Image analysis of FRAP experiments {#SEC2-10}
----------------------------------

Image analysis was performed with the software ImageJ (<http://rsweb.nih.gov/ij/>). Cell motion during acquisition was compensated for via the StackReg plugin (Philippe Thevenaz, Lausanne, Switzerland). The measurements were double normalized to the pre-bleach intensity and to signal loss during image acquisition.

Cell synchronization {#SEC2-11}
--------------------

For thymidine double block, MEFs were plated in DMEM medium (D6429, Sigma) to reach 30% confluency one day before thymidine treatment. The protocol was optimized after determining cell cycle characteristics of the MEFs utilizing BrdU incorporation (not shown). Thymidine (T9250, Sigma) was added to a final concentration of 2 mM for the first block and the cells were incubated for 8 h. Cells were then washed three times with 1x PBS and released in normal DMEM medium for 4 h. Thymidine (2 mM) was added again to the medium and cells were treated for an additional 12 h for full synchronization to the G1/S border. Cells were then released in normal medium without thymidine for 2.5 h to achieve maximum population in the mid- to late-S phase. Synchrony at this point was ∼73--76% - S phase, 14--16% - G1 phase and 10 --11% - G2 phase. The synchronized cells were then used to perform various assays.

Survival assay with synchronous cells {#SEC2-12}
-------------------------------------

For survival assays with synchronous cells, the cells were released in normal DMEM media after the second block for a period of 2.5 h and then irradiated with different doses of IR. Different cell numbers were plated in triplicates and colonies were allowed to form for 7 days. The colonies were then stained with 5% crystal violet stain in 100% methanol and counted manually using a light microscope.

Survival assay with mitomycin C (MMC) {#SEC2-13}
-------------------------------------

Cells (100,000) were plated one day before mitomycin C MMC (M4287, Sigma) treatment. Different concentrations of MMC were added to the cells 1 h before plating. Different cell numbers were plated in triplicates and allowed to form colonies for 7 days. Once colonies were formed, they were stained and counted.

RPA2/Rad51 foci kinetics {#SEC2-14}
------------------------

Cells were grown on coverslips one day before the experiment. On the day of experiment, EdU (C10338, kit from Molecular Probes) was added to a final concentration of 30 μM and incubated for 40 min under normal growth conditions ([@B10]). Cells were subsequently washed twice with 1x PBS followed by replacement with normal medium and then subjected to 8 Gy γ-rays. At different time points after IR, cells were washed twice with ice cold 1x PBS and then treated with freshly made CSK extraction buffer (10 mM HEPES pH 7.4, 300 mM Sucrose, 100 mM NaCl, 3 mM MgCl~2~ and 0.1% TritonX-100) for 10 min on ice. Cells were then washed 5--6 times with ice cold 1x PBS. Cells were fixed with 4% paraformaldehyde (in 1x PBS) at room temperature for 20 min (RT), washed 4--5 times with 1x PBS (final 2 times 3--5 min interval) and incubated in 0.5% Triton X-100 on ice for 10 min. Cells were further washed 4--5 times with 1x PBS and incubated in blocking solution (5% goat serum (Jackson Immuno Research) in 1x PBS) overnight. The blocking solution was replaced with the RPA2 (NA-19L, EMD Millipore) / Rad51(SC-8349, Santa Cruz) primary antibody diluted in 5% goat serum in 1x PBS and incubated for 2 h. Cells were then washed 3--5 times with wash buffer (5 min interval; 1% BSA in 1x PBS). EdU detection using Click-iT reaction cocktail was performed according to manufacturer\'s protocol (C10338, kit from Molecular Probes). After incubation of the cells with the Click-iT reaction cocktail in the dark for 1 h, cells were washed 5 times with wash buffer. Cells were incubated with the Alexa Fluor 488 (1:1000) (Molecular Probes) secondary antibody in 1% BSA, 2.5% goat serum in 1x PBS for 1 h in the dark, followed by 5 washes. After the last wash, cells were mounted in VectaShield mounting medium containing DAPI. The images were acquired using a Zeiss Axio Imager fluorescence microscope utilizing 63x oil objective lens and a LSM 510 Meta laser scanning confocal microscope with a 63 × 1.4 NA Plan-Apochromat oil immersion objective. The foci were analyzed and counted using the Imaris (Bitplane) image analysis software.

53BP1 foci kinetics {#SEC2-15}
-------------------

Cells were grown on coverslips one day before the experiment. On the day of the experiment, EdU was added to a final concentration of 30 μM and incubated for 40 min under normal growth conditions. After incubation, cells were washed twice with 1x PBS and replaced with normal medium. Cells were then exposed to 1Gy of γ-rays. At different time points after IR, cells were washed twice with ice cold 1x PBS and fixed with 4% paraformaldehyde (in 1x PBS) for 20 min at RT, washed 4--5 times with 1x PBS (final 2 times 3--5 min interval) and incubated in 0.5% Triton X-100 on ice for 10 min. Cells were further washed 4--5 times with 1x PBS and incubated in blocking solution (5% goat serum (Jackson Immuno Research) in 1x PBS) overnight. The blocking solution was then replaced with the 53BP1 (SC-22760, Santa Cruz) primary antibody diluted in 5% goat serum in 1x PBS and the cells were incubated for 2 h. The rest of the protocol is similar to the one described above for RPA/Rad51 foci kinetics.

HR assay {#SEC2-16}
--------

The DR-GFP vector was inserted into the Ku70^−/−^ DC-1 cell line and the single insertion was confirmed by Southern hybridization (not shown). This cell line was complemented with either the wild-type or various Ku70 mutants and individual stable clones were isolated. Ku expression was confirmed for all the stable clones (Supplementary Figure S6). HR assays were performed by transiently transfecting 5 μg of the RFP-ISce-GR plasmid to initiate the assay. Cells undergoing HR successfully expressed GFP, which was detected by flow cytometry. The percentage of HR was calculated as GFP^+^ / (GFP^+^ + RFP^+^). Cells that were only RFP^+^ indicated the fraction of transfected cells that failed to carry out HR.

RESULTS {#SEC3}
=======

Phosphorylation of Ku leads to its dissociation from DNA ends *in vitro* {#SEC3-1}
------------------------------------------------------------------------

The canonical NHEJ factor DNA-PK immediately localizes to DSBs in all cell cycle phases ([@B10]--[@B12]). As HR is the primary pathway mediating the repair of DSBs in mid- to late-S phase, we postulated that a post-translational modification, in particular phosphorylation of Ku70/80 (Ku), was the active mechanism responsible for displacing DNA-PK from DSBs to allow HR to occur ([@B5],[@B8],[@B9]). To assess if phosphorylation affects Ku\'s dynamics at DSBs, Ku80 was fluorescently labeled (YFP-tag) and its dynamics monitored at laser-generated DNA damage sites utilizing live cell microscopy in the presence or absence of the broad spectrum PI3K kinase inhibitor wortmannin ([@B10],[@B11],[@B33]). We found that treatment with wortmannin resulted in the sustained retention of Ku at laser-induced DSBs, indicating that phosphorylation may be a plausible mechanism by which Ku is actively displaced from DSBs (Supplementary Figure S1A) ([@B34]).

Next, an *in vitro* pull-down assay using biotinylated forked dsDNA and purified Ku was developed to test whether Ku phosphorylation via the kinase, DNA-PKcs, induced dissociation of Ku from biotin-labeled forked dsDNA (Figure [1A](#F1){ref-type="fig"}). Ku binds to DNA ends in an oriented manner and its dissociation from the forked dsDNA is very slow in the absence of activated DNA-PKcs (Figure [1B](#F1){ref-type="fig"}, -ATP lanes). On the other hand, DNA-PKcs activation, via the addition of ATP in the pull-down assay, results in the phosphorylation of Ku70/80 and increased dissociation of the Ku heterodimer from the forked dsDNA (Figure [1B](#F1){ref-type="fig"} and Supplementary Figure S2A). As phosphorylation of Ku induces its dissociation from forked dsDNA, we tested if this causes the freeing of DNA ends for processing. To assess this, we performed DNA end resection assays with exonuclease 1 (Exo1). Our biochemically defined *in vitro* DNA end resection assay previously showed that Ku blocks Exo1-mediated DNA end resection when the Ku70/80:DNA stoichiometry is 1:1 (Figure [1C](#F1){ref-type="fig"}, compare lanes 2 and 3; and Supplementary Figure S2B) ([@B26]). As expected, phosphorylation of Ku by DNA-PKcs results in the dissociation of the Ku heterodimer from the forked dsDNA and the subsequent freeing of the dsDNA ends allowed for Exo1-mediated DNA end resection (Figure [1C](#F1){ref-type="fig"}, compare lanes 3 and 5; Supplementary Figure S2A). Phosphorylation-mediated Ku dissociation was also confirmed by the addition of non-hydrolyzable ATP-γS, which blocked the DNA-PKcs phosphorylation of Ku, resulting in its sustained binding to the forked dsDNA and the blocking of Exo1-mediated processing (Figure [1C](#F1){ref-type="fig"}, compare lanes 5 and 7)([@B35]). Finally, we tested if blocking of the DNA-PKcs kinase activity attenuated Ku\'s dissociation *in vivo*. Treatment with the DNA-PKcs inhibitor NU7441 resulted in the sustained retention of Ku at laser-generated DSBs (Supplementary Figure S1B). Taken together, the data show that phosphorylation of the Ku heterodimer leads to its dissociation from DSBs.

![Ku phosphorylation mediates its dissociation from DNA ends. (**A**) Schematic diagram of the *in vitro* DNA-Ku pull-down assay. (**B**) Phosphorylation of Ku led to its displacement from dsDNA ends *in vitro*. Purified Ku and DNA-PKcs were incubated with biotin-labeled forked dsDNA followed by the addition of ATP to allow phosphorylation of Ku by DNA-PKcs. The dsDNA was pulled down via streptavidin agarose. Dissociation from the forked dsDNA was assessed with Ku either still bound (pellet, P) or dissociated from the dsDNA (supernatant, S). (**C**) *In vitro* DNA resection assay. Exonuclease 1 (Exo1) digests the fork DNA substrate (lane 2 and 6). In the presence of Ku or the DNA-PK complex (DNA-PKcs and Ku), Exo1 could not resect the DNA (lane 3 and 4). The addition of ATP to the forked DNA substrate in the presence of the DNA-PK complex resulted in phosphorylation of Ku, leading to the dissociation of Ku and freeing DNA ends for Exo1-mediated resection (lane 5). Non-hydrolyzable ATP (ATPγS) was used as a control for phosphorylation mediating the freeing of the dsDNA ends (lane 7).](gkv1499fig1){#F1}

Putative Ku70 phosphorylation sites located at the junction of the pillar and bridge regions of Ku70 affects Ku\'s dissociation from DSBs {#SEC3-2}
-----------------------------------------------------------------------------------------------------------------------------------------

A knowledge-based approach was used to identify possible phosphorylation site(s) responsible for the dissociation of Ku70/80 from DSBs. We focused on residues in the bridge and pillar regions of Ku70 and Ku80, as they form the ring structure of Ku that is used to slide onto the DNA molecule. We postulated that a phosphorylation-induced conformational change in these regions might alter Ku\'s DNA affinity ([@B14]). A number of serine and threonine residues in the bridge and pillar regions of Ku70 and Ku80 were identified and mutated to alanine to ablate phosphorylation at these residues (Figure [2A](#F2){ref-type="fig"} and Supplementary Figure S3A). To screen which of these putative phosphorylation sites played an important role in regulating Ku\'s dissociation from DSBs, Ku mutants were YFP-tagged and their dynamics monitored at laser-generated DNA damage sites in asynchronous cells. Mutations in Ku80 had a minimal effect on Ku\'s dynamics at laser-generated DNA damage sites (Supplementary Figure S3A and B). In contrast, mutations at eight putative phosphorylation sites (T298, T300, T302, T305, S306, T307, S314 and T316; termed 8A) in Ku70 resulted in significant retention of Ku at damage sites (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). To further delineate the sites important for mediating the dissociation of Ku from DSBs, the putative phosphorylation sites were split into two clusters termed 5A (T305, S306, T307, S314 and T316) and 3A (T298, T300, T302) (Figure [2A](#F2){ref-type="fig"}). The 5A mutant was retained at DSBs, while 3A was not. This implicates that the 5A cluster sites are required for phosphorylation-mediated dissociation of Ku from DSBs (Figure [2B](#F2){ref-type="fig"}). The 5A amino acids are located in hairpin-like regions of Ku70 with threonine 305 (T305), serine 306 (S306), threonine 307 (T307) sitting at the junction of the bridge and pillar of Ku70, whereas serine 314 (S314) and threonine 316 (T316) sit at the bottom of the pillar which connects to the base of Ku70 (Figure [2A](#F2){ref-type="fig"}). To test if these sites were required for the phosphorylation-induced dissociation of Ku from DNA ends *in vitro*, the Ku heterodimer was purified containing wild-type Ku80 and either wild-type Ku70 or 5A (Supplementary Figure S4A) and the *in vitro* pull-down assay with the forked dsDNA was repeated. We observed that the phosphorylation-induced dissociation of Ku from forked dsDNA ends was blocked in the 5A mutant protein (Figure [2C](#F2){ref-type="fig"}). Furthermore, phosphorylation of Ku70 in the 5A mutant protein was significantly reduced compared to wild-type Ku70 (Supplementary Figure S4B). Finally, we assessed if the phosphorylation-mediated dissociation of Ku from DSBs occurs in S phase. To test this, we analyzed the kinetics of wild-type Ku70 (WT) and 5A at laser-generated DSBs in S phase of the cell cycle. The kinetics data showed that WT quickly dissociates from laser-induced DSBs in S phase cells, whereas the 5A protein is clearly retained (Supplementary Figure S5). Taken together, the data showed that phosphorylation at the 5A cluster in Ku70 is required for Ku\'s dissociation from DSBs in S phase of the cell cycle.

![Phosphorylation of Ku70 is required for the dissociation of Ku from DSBs. (**A**) Structure of Ku70/80 with the DNA. Ku70 is indicated in red, while Ku80 is depicted in green. The locations of putative phosphorylation sites in Ku70 are denoted. Ku70 8A cluster sites include both 5A and 3A phosphorylation clusters. (**B**) Relative and absolute fluorescence intensity of YFP-tagged Ku70 and mutant proteins in Ku70^−/−^ MEFs at DSBs after micro-irradiation. Student\'s *t*-test was performed to assess statistical significance (\**P* \< 0.05). (**C**) Phosphorylation at the 5A sites is required for Ku\'s dissociation from DSBs. Results were similar to those indicated in 1B, but experiment was performed with purified Ku heterodimer with Ku80 with either wild-type Ku70 or 5A.](gkv1499fig2){#F2}

Mimicking phosphorylation of the five putative sites lessens Ku\'s DNA binding affinity {#SEC3-3}
---------------------------------------------------------------------------------------

The five putative phosphorylation sites identified in our screening are all located at the hairpin-like structures in the junction of pillar and bridge regions of Ku70. We postulated that phosphorylation-induced conformational changes in these hairpin-like regions may affect the DNA binding affinity of Ku. To assess this, the dynamics of 5A were compared to Ku70 in which the sites were mutated to aspartic acid to mimic phosphorylation (5D). The kinetics showed that 5A is retained at DSBs longer than wild-type Ku70, whereas 5D clearly dissociates more quickly (Figure [3A](#F3){ref-type="fig"}). The recruitment of wild-type Ku70 and its mutants to DSBs, as shown by their absolute intensity values, revealed an increase in the amount of 5A protein localizing to DSBs compared to 5D, indicating that mimicking phosphorylation at these regions may affect Ku\'s affinity for DSBs (Figure [3B](#F3){ref-type="fig"}). This was supported by fluorescence recovery after photobleaching analysis with wild-type, 5A, and 5D proteins, which revealed the exchange rate of Ku to be much faster in 5D compared to 5A in asynchronously growing cells (Figure [3C](#F3){ref-type="fig"}) ([@B33]). The difference in recovery rates between wild-type, 5A, and 5D likely reflects a difference in the stability of the DNA-protein species, with the 5D-DNA interaction being less stable. Electrophoretic mobility shift assays with purified Ku heterodimer containing wild-type Ku80 and wild-type Ku70, 5A, or 5D indicated that Ku80/Ku70-WT and Ku80/Ku70--5A bind more strongly to dsDNA as compared to Ku80/Ku70--5D (Figure [3D](#F3){ref-type="fig"} and purified protein used shown in Supplementary Figure S4A). Collectively, the data illustrate that phosphorylation of Ku70 in the pillar and bridge regions reduces its affinity for dsDNA, which is responsible for Ku\'s dissociation from DNA ends *in vivo* and *in vitro*.

![Mimicking phosphorylation of the five putative sites reduced Ku\'s DNA binding affinity. (**A**) Relative and (**B**) Absolute fluorescence intensity of YFP-tagged Ku70 and mutant proteins in Ku70^−/−^ MEFs at DSBs after micro-irradiation. Student\'s *t*-test was performed to assess statistical significance (\**P* \< 0.05). (**C**) FRAP curves of Ku70 WT, 5A and 5D at the DSB site. Each data point is the average of 15 independent, normalized measurements. Error bars represent the standard deviation (SD). Fluorescence images were captured every 3 s up to 160 s. Pre-bleach intensity levels were normalized to 1, while post-bleach intensity levels were normalized to 0. Zero second represents the time of bleaching signal. (**D)** Electrophoretic mobility shift assays with purified wild-type Ku80 and wild-type Ku70, 5A or 5D with forked dsDNA.](gkv1499fig3){#F3}

Removal of Ku from DNA ends is essential for initiation of DNA end resection and homologous recombination {#SEC3-4}
---------------------------------------------------------------------------------------------------------

Our hypothesis that Ku is actively displaced to allow initiation of DNA end resection and HR suggests that the inability of bound Ku to be displaced from DNA ends in S phase may result in attenuation of HR. To assess if this was the case with the human Ku70 mutants, DNA end resection and Rad51 nucleofilament formation were monitored via the tracking of IR-induced RPA and Rad51 focus formation in S phase cells in Ku70^−/−^ MEFs that were left either uncomplemented or complemented with wild-type Ku70, 5A or 5D (Supplementary Figure S6) ([@B10],[@B11]). To ensure the detection of HR-specific DNA end resection and ongoing HR-mediated repair, differences in EdU staining were used to identify cells in mid- to late-S phase, where HR is thought to be the preferred DSB repair pathway ([@B8],[@B9]). As previously observed, IR-induced RPA and Rad51 focus formation was increased in the absence of Ku compared to cells with wild-type Ku (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}) ([@B11]). Cells expressing 5A showed a marked decrease in IR-induced RPA and Rad51 foci per nucleus compared to wild-type complemented cells, indicating that blocking Ku dissociation caused a defect in the initiation of HR-mediated repair in S phase (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). In contrast, cells expressing the 5D mutant showed increased RPA and Rad51 foci formation compared to 5A, and slightly higher than WT cells (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). The data show that Ku must be displaced from DSB ends for initiation of HR.

![Blocking phosphorylation of Ku70 attenuates initiation of end resection and onset of homologous recombination. Panel of images depict (**A**) RPA and (**B**) Rad51 foci in EdU positive cells after 8 h after 8Gy gamma-ray exposure, respectively (Left panels). Immunostaining of Ku70^−/−^ MEFs or Ku70^−/−^ MEFs complemented with Ku70 wild-type, 5A or 5D after 8Gy of γ-rays. Cells were pre-extracted and fixed 2, 4, 8, or 12 h after IR and immunostained for RPA or Rad51. RPA and Rad51 foci were counted for each cell and averaged (Right panels). Student\'s *t*-test was performed to assess statistical significance (\**P* \< 0.01 and \*\**P* \< 0.001). Error bars denote standard error of the mean (SEM) for at least 3 independent experiments.](gkv1499fig4){#F4}

Phosphorylation-mediated dissociation of Ku from DNA ends is dispensable for non-homologous end joining in G1 but is required for homologous recombination in S/G2 phase {#SEC3-5}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The observed decrease in HR initiation in the 5A cells may be due to a loss of overall NHEJ. This may result in blocking overall DSB repair, including HR, similarly to when phosphorylation of DNA-PKcs at the threonine 2609 cluster is blocked ([@B36]). To evaluate if blocking putative Ku phosphorylation affects NHEJ, 53BP1 focus formation in G1 cells was monitored in Ku70^−/−^ MEFs that were left uncomplemented or complemented with wild-type Ku70 or 5A after exposure to 1 Gy of gamma rays. Non-EdU stained cells were tracked to identify G1 cells. Ku70^−/−^ MEFs showed a defect in NHEJ as assessed by 53BP1 foci resolution, whereas 5A cells showed resolution of 53BP1 foci in a similar manner to wild-type complemented cells. (Figure [5A](#F5){ref-type="fig"}). In contrast, Ku70^−/−^ MEF expressing 5D showed some degree of impairment in the resolution of 53BP1 foci in non-EdU stained cells. This finding suggests that NHEJ is attenuated in 5D complemented cells as compared to WT and 5A complemented cells (Figure [5A](#F5){ref-type="fig"}).

![Ablation of Ku70 phosphorylation results in attenuation of homologous recombination. (**A**) Images depicting 53BP1 foci, enumerated in EdU negative G1 phase cells after 6 h of 1Gy gamma-ray exposure (Left panel). Ku70^−/−^ MEFs or Ku70^−/−^ MEFs complemented with Ku70 wild-type, 5A or 5D were irradiated with 1Gy and 53BP1. Foci formation was assessed 1, 2, 4, and 6 h later (Right panel). Data were normalized to 53BP1 foci number enumerated at 30 min post IR. Remaining foci number per time point assessed was calculated and plotted. Error bars denote SEM of at least three independent experiments. (**B**) Colony formation assays were performed to compare radiation sensitivities of Ku70^−/−^ MEFs or Ku70^−/−^ MEFs complemented with Ku70 wild-type or 5A in S phase or as an asynchronous cell population. Cell lines were left cycling or were synchronized by the double thymidine block method and then released. Subsequently, cells were irradiated at the indicated doses and plated for analysis of survival and colony-forming ability. Error bars denote SD values. (**C**) Colony formation assays were performed to compare mitomycin C (MMC) sensitivity of Ku70^−/−^ MEFs or Ku70^−/−^ MEFs complemented with Ku70 wild-type or 5A. Cell lines were treated with the indicated concentrations of MMC and plated for analysis of survival and colony-forming ability. Error bars denote SD values. (**D**) Ku70^−/−^ MEFs, containing one copy of the HR reporter assay vector integrated into the genome, were either uncomplemented or complemented with FLAG-tagged Ku70 wild-type, 5A or 5D. I-*Sce*I was transiently expressed and induced a DSB at the I-*Sce*I restriction site. Cells were analyzed by flow cytometry and the percent HR value was calculated as GFP / (RFP + GFP). The percent HR value of wild-type was normalized to 100% and the percent HR of Ku70^−/−^ MEFs, 5A and 5D cells were calculated and plotted.](gkv1499fig5){#F5}

To assess if the phosphorylation-dependent dissociation of Ku was required for homologous recombination, clonogenic survival assays were performed following S phase synchronization. The assay was performed via the thymidine double block method in Ku70^−/−^ MEFs which were either left uncomplemented or complemented with wild-type Ku70 or 5A cells (Figure [5B](#F5){ref-type="fig"}). Clonogenic survival assays with asynchronous cells revealed that 5A cells are more radiosensitive than WT complemented Ku70^−/−^ MEFs, but less radiosensitive than the uncomplemented Ku70^−/−^ MEFs (Figure [5B](#F5){ref-type="fig"}). To assess if the radiosensitivity of the 5A complemented cells was due to impaired HR, clonogenic survival assays were performed in cells synchronized in S phase. Clonogenic survival data with S phase synchronized cells showed a marked decrease in radiosensitivity in the Ku70^−/−^ MEFs. In contrast, minimal changes in radiosensitivity were noted in the 5A cells, indicating that the radiosensitivity observed in the asynchronous 5A cells is due to a HR defect in a population of S phase cells (Figure [5B](#F5){ref-type="fig"}). To confirm that the repair defect in 5A cells was S phase specific, DSB repair was evaluated with a neutral Comet assay in cells synchronized in S phase (Supplementary Figure S7A). The data showed that DSB repair in S phase was attenuated in the 5A cells compared to complemented wild-type and Ku70−/− cells (Supplementary Figure S7B and S7C). Next, it was examined if blocking phosphorylation of Ku70 results in a sensitivity to DNA cross-links, a type of DNA damage that is repaired by the HR pathway. Clonogenic survival assays with the cross-linking agent MMC revealed that 5A cells were more susceptible to DNA cross-links as compared to wild-type and Ku70−/− cells (Figure [5C](#F5){ref-type="fig"}). Finally, the efficiency of homologous recombination was assessed *in vivo* via an HR reporter assay. 5A complemented cells showed a marked decrease (47.7%) in HR-mediated DSB repair when compared to the complemented wild-type (normalized to 100%) and Ku70^−/−^ cells (213%) (Figure [5D](#F5){ref-type="fig"}). As expected, 5D cells showed HR activity similar to WT, and increased activity when compared to 5A cells (Figure [5D](#F5){ref-type="fig"}). Collectively, our data clearly indicate that the phosphorylation of Ku70 is required for Ku\'s dissociation from DSBs to free DNA ends for HR-mediated DSB repair.

DISCUSSION {#SEC4}
==========

Cells have access to multiple mechanisms to repair potentially lethal DSBs. Nevertheless, the selection of one pathway over another is still unclear. Since each DSB repair pathway has known initiating factors, competition between these proteins is believed to be responsible for DSB repair pathway choice. However, we previously showed that the NHEJ factors Ku70/80 and DNA-PKcs quickly localize to DSBs in S phase, where HR is the preferred DSB repair pathway ([@B10],[@B11]). These data suggest that competition between NHEJ and HR factors is likely not responsible for choice of the DSB pathway in mammalian cells. Hence, we postulated that DNA ends must be freed from Ku in S phase to allow HR to occur. The need for freeing DSB ends for initiation of DNA end resection was supported by one of our previous studies. We showed that an ortholog of human Ku from *Mycobacterium tuberculosis* Ku (Mt-Ku) is recruited to laser-generated DSB ends similarly to human Ku, while Mt-Ku is retained at DSBs resulting in inhibition of DNA end resection and HR ([@B11]). Furthermore, we used a biochemically defined *in vitro* DNA end resection assay with a forked dsDNA to show that Ku cannot be displaced from DNA ends by either the endo- or exonuclease activity of Mre11 or the Mre11/Rad50 complex *in vitro*, which is in contrast with a previous report ([@B26]). Therefore, we sought to identify the mechanism mediating the dissociation of Ku from DSB ends in S phase.

Structurally, the Ku protein forms an expansive base and a very narrow bridge, producing a toroidal structure that allows Ku to slide onto the ends of DSBs ([@B14],[@B37]). Furthermore, Ku has oriented DNA binding and along with its unique toroidal dsDNA binding region results in tight and sustained binding to DNA ends limiting the ability for Ku to simply be pushed off of a DSB ([@B38],[@B39]). Since the unique physical properties of Ku help to maintain its sustained and firm binding to DNA ends, we investigated whether these physical properties could be reversed by post-translational modifications. Ku undergoes significant structural changes upon interaction with DNA-PKcs, although the preformed ring structure is stable even in absence of DNA binding ([@B14]). We report that Ku70 is phosphorylated, and this phosphorylation results in displacement of the Ku heterodimer from DNA ends in S phase. The phosphorylation sites lay in the hairpin-like loop regions of the bridge and pillar regions of Ku70. We believe that phosphorylation at these residues results in the unzipping of the hairpin-like loop regions of the bridge-pillar junction, causing the enlargement of the dsDNA binding channel and less stringent DNA affinity (Supplementary Figure S8). This will ultimately lead to Ku being easily slid off of the dsDNA ends. *In vivo* dynamic studies with point mutants ablating phosphorylation of Ku indicated sustained retention at DSBs compared to wild-type, supporting our hypothesis. Phospho-mimetic Ku mutants showed very low DNA binding affinity in *in vivo* FRAP analysis and *in vitro* gel shift assays, further supporting the notion that phosphorylation of Ku70 leads to less stringent DNA binding. Our data indicate for the first time that the high DNA end binding affinity of Ku can be altered by phosphorylation.

Previous studies have implicated that ubiquitylation of Ku may play a role in the displacement of the Ku heterodimer from DNA ends. In *Xenopus* egg extracts, xKu80 is polyubiquitylated via K48-linkage by Skp1-Cul1-Fbxl12, resulting in Ku\'s dissociation from dsDNA and subsequent degradation by the proteasome ([@B40],[@B41]). Furthermore, the E3 ubiquitin ligase RNF8 has also been implicated in mediating the dissociation of Ku from DNA ends as depletion of RNF8 resulted in the prolonged retention of Ku80 at laser-generated DSBs ([@B42]). A recent study showed that neddylation promotes ubiquitylation and release of Ku from DSBs ([@B43]). The ubiquitination/neddylation-mediated Ku dissociation was hypothesized to be responsible for mediating Ku\'s dissociation near or following completion of NHEJ-mediated repair and/or required for the dissolution of the entire NHEJ machinery after a repair event ([@B44]). Our studies showed that treatment with the neddylation inhibitor MLN4924 induced an insignificant increase in Ku retention at laser generated DSBs in S phase cells (Supplementary Figure S9). This result suggests that neddylation may only play a minimal role in the dissociation of Ku from DSBs in S phase (compare Figure [2B](#F2){ref-type="fig"} and Supplementary Figure S9). Our findings collectively indicate that phosphorylation-dependent dissociation of Ku from DSBs is a unique mechanism for quickly and actively mediating the dissociation of the DNA-PK complex from DSBs to allow DNA end processing in S phase. This mechanism for Ku dissociation from DNA ends is distinct from that regulated by neddylation/ubiquitylation as we believe it is S phase specific and occurs before NHEJ is completed. However, we also believe that future studies could focus on understanding if these post-translational modification events are either separate entities or coordinated to modulate NHEJ.

DNA end resection is required for HR-mediated repair. It is believed that DNA end resection plays a role in the selection of the DSB pathway because once the DSB has been resected, the cell has committed to HR ([@B17]). Recent studies have implicated the 53BP1/PTIP/RIF1 and BRCA1/CtIP circuits to regulate DNA end resection in a cell cycle specific manner ([@B23],[@B24],[@B45],[@B46]). We hypothesize that Ku must be actively displaced to allow initiation of DNA end resection and that this is upstream of the competition between the two circuits. This is supported by our RPA2/Rad51 foci and survival assays data, which show that the biological consequence of blocking phosphorylation of Ku70, and thus abrogating Ku dissociation in S phase, results in attenuation of DNA end resection and defective HR-mediated repair. In contrast, phospho-mimetic mutations at these same Ku70 (5D) sites result in reduced DNA binding affinity for the Ku heterodimer and defects in NHEJ, as indicated by an increase in radiosensitivity in 5D cells (Supplementary Figure S10). Taken together our results suggest that phosphorylation of these five sites in the pillar and bridge regions of Ku70 is a key mechanism driving the choice of the DNA repair pathway in S phase of the cell cycle.

We believe DSB repair pathway choice is likely orchestrated by multiple regulatory mechanisms including chromatin-associated factors, cell cycle dependent regulations, and the coordinated interplay between the NHEJ and HR repair machineries. We propose the following model. First, the DNA-PK complex quickly localizes to DSBs in all cell cycle phases. In S phase, when HR is the preferred DSB repair pathway, Ku is phosphorylated by DNA-PKcs in the pillar and bridge regions of Ku70. This phosphorylation induces a conformational change leading to a less stringent DNA binding and promoting the release of Ku from DSB ends. Ku displacement is either mediated by a reduced affinity for dsDNA and/or assisted by the MRN/CtIP proteins. This frees the DSB ends and allows for the initiation of DNA end resection, ultimately resulting in HR-mediated DSB repair in S phase. It should be noted that it remains to be elucidated how these regulatory mechanisms coordinate and work in conjunction for selecting DSB repair pathways for optimum maintenance of genomic stability in a cell. A better understanding of the regulatory mechanisms governing DSB repair pathway choice in specific phases of the cell cycle could potentially lead to the development of targeted therapies for tumor cells in S/G2 phases after radiotherapy, reducing the tumor burden.
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